The plasmid pE194 (3.7 kilobases) is capable of integrating into the genome of the bacterial host Bacillus subtilis in the absence of the major homology-dependent RecE recombination system. Multiple recombination sites have been identified on both the B. subtilis chromosome and pE194 (J. Hofemeister, M. Israeli-Reches, and D. Dubnau, Mol. Gen. Genet. 189:58-68, 1983). The B. subtilis chromosomal recombination sites were recovered by genetic cloning, and these sites were studied by nucleotide sequence analysis. Recombination had occurred between regions of short nucleotide homology (6 to 14 base pairs) as indicated by comparison of the plasmid and the host chromosome recombination sites with the crossover sites of the integration products. Recombination between the homologous sequences of the plasmid and the B. subtilis genome produced an integrated pE194 molecule which was bounded by direct repeats of the short homology. These results suggest a recombination model involving a conservative, reciprocal strand exchange between the two recombination sites. A preferred plasmid recombination site was found to occur within a 70-base-pair region which contains a GC-rich dyad symmetry element. Five of seven pE194-integrated strains analyzed had been produced by recombination at different locations within this 70-base-pair interval, located between positions 860 and 930 in pE194. On the basis of these data, mechanisms are discussed to explain the recombinational integration of pE194.
The plasmid pE194 (3.7 kilobases) is capable of integrating into the genome of the bacterial host Bacillus subtilis in the absence of the major homology-dependent RecE recombination system. Multiple recombination sites have been identified on both the B. subtilis chromosome and pE194 (J. Hofemeister, M. Israeli-Reches, and D. Dubnau, Mol. Gen. Genet. 189:58-68, 1983). The B. subtilis chromosomal recombination sites were recovered by genetic cloning, and these sites were studied by nucleotide sequence analysis. Recombination had occurred between regions of short nucleotide homology (6 to 14 base pairs) as indicated by comparison of the plasmid and the host chromosome recombination sites with the crossover sites of the integration products. Recombination between the homologous sequences of the plasmid and the B. subtilis genome produced an integrated pE194 molecule which was bounded by direct repeats of the short homology. These results suggest a recombination model involving a conservative, reciprocal strand exchange between the two recombination sites. A preferred plasmid recombination site was found to occur within a 70-base-pair region which contains a GC-rich dyad symmetry element. Five of seven pE194-integrated strains analyzed had been produced by recombination at different locations within this 70-base-pair interval, located between positions 860 and 930 in pE194. On the basis of these data, mechanisms are discussed to explain the recombinational integration of pE194.
Several intramolecular and intermolecular genetic recombination events which do not require extensive nucleotide sequence homology have been described for Bacillus subtilis (18, 23, 25, 34) . These rare events are independent of the major homologous DNA recombination system, the RecE pathway, of B. subtilis and produce stable rearrangements in the cellular genetic material. Often these genetic rearrangements are accompanied by changes in the phenotype of the host cell and provide a means of evolving new traits, such as the stable acquisition of antibiotic resistance determinants. The integration of plasmid pE194 into the B. subtilis genome (19) represents an example of recE-independent intermolecular recombination. Integration of pE194 places the ermC antibiotic resistance determinant into the B. subtilis chromosome. This gene is subsequently inherited as a chromosomal marker.
pE194 is a 3.7-kilobase (kb) multicopy plasmid, originally isolated from Staphylococcus alureus (22) , that was stably introduced into B. slubtilis by genetic transformation (13) . The entire nucleotide sequence is known for pE194 (20) . The ermC gene encodes an inducible 29-kilodalton product which is responsible for mediating resistance to the macrolidelincosamide-streptogramin B (MLS) group of antibiotics (45) . pE194 is known to be naturally temperature sensitive for replication (39) , being unable to replicate autonomously at growth temperatures exceeding 43°C. The plasmid-encoded trans-acting RepF protein is required for initiation of pE194 replication (16, 44) , which is thought to proceed via an asymmetric rolling-cycle mechanism (42) .
pE194 was shown to integrate into the B. subtilis genome at a very low frequency (approximately 10-8 per cell per generation) by recombining at one of several plasmid sites by an apparent single reciprocal recombination event (19) . Integrants were selected from the growing bacterial population by inhibition of the plasmid replicon at restrictive growth temperatures in the presence of the MLS antibiotic erythromycin (19) . The major recE homologous recombination pathway is not involved in pE194 integration, as no difference in recombination frequency was observed between Rec-proficient and recE4 mutant strains of B. subtilis. We report here the cl oning of the recombinant junctions from the chromosomes of pE194-integrated strains of B unique ClaI sites. pBD329 and pCP115 contain the replicon of pBR322 and can replicate in Escherichia coli. pBD329 was introduced into the B. subtilis chromosome at the site of pE194 integration by homologous recombination. Strains containing an integrated copy of pBD329 were isolated by selection for chloramphenicol resistance (5 ,ug/ml).
The nucleotide sequence coordinates given for the pE194 recombination sites are those of Horinouchi and Weisblum (20) .
Media and genetic transformation. The liquid medium used for B. subtilis was veal-yeast broth (VY) (14) . B. subtilis cultures were grown on tryptose blood agar base (Difco Laboratories) plates supplemented with appropriate selective antibodies. Escherichia coli cultures were grown in 2x yeast tryptone or L broth (30) . When necessary, ampicillin (100 ,ug/ml) was added to the growth medium. B. subtilis strains were prepared for competence and transformed as described previously (7) . Competent E. coli cells were prepared by calcium chloride treatment as described by Maniatis et al. (26) or Yanisch-Perron et al. (46) .
Isolation of DNA. Large-scale isolation of B. subtilis plasmid DNA was by sodium dodecyl sulfate-NaCl treatment of cells (17) followed by cesium chloride-ethidium bromide density gradient centrifugation as described by Gryczan et al. (14) . B. subtilis strains were screened for plasmid DNA by using the rapid plasmid isolation procedure of Contente and Dubnau (7) . Agarose gel electrophoresis was subsequently used to analyze the plasmid content of these lysates. (26) .
Cloning, restriction mapping, and in vitro manipulation of DNA. The procedure outlined below was followed to obtain recombinant plasmids containing the pE194-B. stibtilis integration junctions. Chromosomal DNA from pBD329-integrated B. subtilis strains was restricted to completion with either EcoRI or HindIll restriction endonuclease (Boehringer Mannheim Biochemicals). These digests were phenol extracted twice, ethanol precipitated, and dried under vacuum. The DNA pellets were then suspended in Ix ligase buffer (10 mM MgCl-1 mM ATP-5 mM dithiothreitol-20 mM Tris, pH 7.5) to give a final DNA concentration of 10 pLg/ml. T4 DNA ligase (Collaborative Research) was added to the mixtures, and the reactions were allowed to proceed for 18 h at 15°C. The ligation mixtures were ethanol precipitated after the addition of 10 p.g of carrier tRNA. These DNA samples were suspended in 10 mM CaCl2 and used to transform E. coli HB1I1 in ampicillin resistance.
The locations of the recombinant junctions on the plasmid molecules were determined by restriction mapping. Restriction endonucleases (from Boehringer Mannheim Biochemicals, New England BioLabs, and Bethesda Research Laboratories, Inc.) were used in accordance with the specifications of the manufacturers. The digestion products were resolved by gel electrophoresis. Junction fragments were further identified as those DNA restriction fragments which hybridized to 32P-labeled pE194 probes in Southern blots but did not comigrate with any native pE194 restriction fragment. These DNA fragments were excised from 1.0% lowmelting-temperature agarose (FMC Corp., Marine Colloids Div.) and extracted by DNA binding to glass powder by using Geneclean kits (BiolOl). The nucleotide sequences of the recombinant junctions were determined by the dideoxynucleotide-chain termination method after subcloning into M13 vectors (38) . For various pE194 junction clones, synthetic oligonucleotide primers complementary to pE194 sequences were used to prime the polymerization reactions. These primers included a 24-mer, 5'-GTAAGTCTTAAAG TAACAGCAACT-3' (positions 1063 to 1040, kindly provided by M. Lonetto, Public Health Research Institute) and a 16-mer, 5'-GGTTGATAATGAACTG-3' (positions 2811 to 2826, purchased from B. Goldschmidt, New York University School of Medicine).
Cloning and identification of B. subtilis chromosomal recombination sites. Genomic DNA from BD170 (trpC2 t/r-5) was digested to completion with either EcoRI or HindIll restriction endonuclease and ligated into compatibly cleaved pBR322 vectors (10:1 weight ratio of chromosomal to plasmid DNA). The ligation products were transformed into competent E. coli cells to generate a B. sibftilis chromosomal DNA library. Ampicillin-resistant colonies were screened by colony hybridization assays by using 32P-labeled nick-translated pE194 junction fragments as probes to detect clones containing the B. slibtilis chromosomal target sites. Plasmids containing these sites were also mapped by restriction analysis, and the region containing the recombination sites was sequenced as described above. The strategy used to clone integrated pE194 molecules containing intact novel junction sites from the B. slubtilis chromosome is presented in Fig. 1 B.
RESULTS

Construction
C. (11) is shown. The sites used for Rec-independent chromosomal integration are shown (_) and are designated as sites I, 11, and III as described by Hofemeister et al. (19) . The pE194 numbering system beings at the Mbol site located at nucleotide 1 on this map and proceeds clockwise as given in Horinouchi and Weisblum (20) .
somal DNA was prepared from the integrated strains BD1492 to BD1497 and digested with either Es oRI or Hindll! restriction endonuclease (Fig. 1) . This procedure produced for each strain a unique linear restriction fragment containing the pBD329 replicon and ampicillin resistance determinant as well as one pE194 junction. This occurred because the flanking pE194 sequences do not contain recognition sites for either EcoRI or Hind!!!. Self-ligation of these fragments with T4 DNA ligase produced pE194-junction plasmids which were transformed into E. (oli and selected for the expression of ampicillin resistance. Typically, 100 to 200 Apr transformants per p.g of chromosomal DNA were recovered.
Strain BD892(G) was the lone strain in this study which had undergone a second recombination event that excised the chromosomal pE194 to produce an autonomously replicating plasmid (19) . The plasmid pBD232, isolated from this strain, contains pE194 sequences and an additional 1.35 kb derived from the B. subtilis chromosome. pBD232 contains a unique EcoRI site within the chromosomal insert. A chimeric molecule, pBD339, was generated by ligation of EcoRI-linearized pBD232 and pUC8 (43) , which allowed the pE194-chromosome junctions of BD892 to be propagated in E. coli.
Restriction mapping of junction plasmids. Plasmids pLD1 to pLD11 contain the recombinant pE194-B. sibbtilis chromosome junctions of strains BD1492 to BD1497. The designations junction I and junction II for each pE194 recombinant are defined by their orientation on the standard pE194 genetic map (Fig. 2) .Junction I plasmids contain pE194 sequences from the unique Cl/a site at position 1939, proceeding in a clockwise direction to the novel chromosomal junction. Junction II plasmids contain pE194 sequences from the ClaI site to the junction crossover by proceeding in a counterclockwise direction. pBD339 contains both recombinant junctions of BD892.
A variety of restriction endonucleases were used to map the recombinant junctions of plasmids pLD1 to pLD11. Restriction fragments containing the pE194-chromosome junctions were further identified by transferring gel-electrophoresed DNA fragments to nitrocellulose membranes and hybridizing these membranes to 32P-nick-translated pE194 probes. Five of the seven recombinant strains analyzed in this study had integrated at pE194 recombination site 1 (19) . The location of site I occurred within the 392-base-pair (bp) interval between the All site at position 737 and the HpaII site at position 1129. The map locations of the site I recombinant junctions on plasmids pLD1, pLD2, pLD4, pLD5, pLD6, pLD7, pLD1O, pLD11, and pBD339 confirmed this assignment. Plasmids pLD8 and pLD9 were derived from strain BD891(F), which arose by recombination at pE194 site 11 (19) , and had their junction sites located within the pE194 interval between the TaqI site at position 3383 and the XbaI site at position 3479. pLD3 was derived from the site III recombinant, BD887(B), and its pE194-chromosomal integration junction mapped between the HaeIII site at position 2612 and the MboI site at position 2925. Cloning of the B. subtilis genomic target sites. Bacterial clones containing the B. siubtilis chromosomal target sites for pE194 integration were identified in colony hybridization Fig. 3 . Similarly, the nucleotide sequences of the B. subtilis genomic recombination sites are presented with the corresponding junction data.
Integration of pE194 in the site I recombinants BD886 an BD893 occurred between regions of short nucleotide sequence homology. The integrated pE194 molecules in these recombinants each mapped to a different chromosomal location (2100 for BD886 and approximately 3000 for BD893 [19] ; positions refer to the genetic linkage map of strain 168 [35] ) but utilized the same pE194 sequence for recombination. This recombination appeared to involve a conservative, reciprocal exchange within the short homologous 11-and 9-bp segments, present respectively in pE194 and the B. subtilis chromosome. The pE194 crossover site occurred within the segment 903 to 913 for BD886 (5'-GGTGTC CATTG-3'; Fig. 3A ) and within the segment 904 to 912 for BD893 (5'-GTGTCCATT-3'; Fig. 3B ). These short homologous sequences are found duplicated in the recombinant chromosome as a direct repeat present at each junction. The precise locations of the crossover events cannot be determined owing to the redundancy of these sequences. Nucleotide sequences flanking the crossovers corresponded perfectly with their DNA parents, with no additional DNA rearrangement.
BD889, also a site I integrant, appeared to have DNA sequences derived from noncontiguous chromosomal sites, as the separate junction probes from this strain each hybridized to a different restriction fragment in Southern hybridizations of BD170 genomic DNA digests (for both EcoRI and HindIll digests [data not shown]). Junction I of BD889 had a 6-bp sequence common to its B. subtilis chromosomal parent and pE194. This 6-bp sequence, 5'-ACGACC-3', is located between positions 888 and 893 in pE194 (Fig. 3C) . Junction II occurs between sequences sharing a 4-of 6-bp match in the parental sequences [5'-AT(A)AAA(T)T-3', located between pE194 positions 928 and 931]. Additional Southern hybridization data suggest that this recombinant strain lacks approximately 9 kb from the B. siubtilis chromosome (data not shown) and at least 34 bp from pE194. It is not known whether the recombination mechanism that produced BD889 differed from the one that generated BD886 and BD893 or if the initial recombinant was unstable and underwent subsequent recombination events.
The recomnbination junctions of strains BD891 (site II integrant) and BD892 (site I integrant) also have directly repeated nucleotide sequences (14 and 13 bp, respectively) present at their integration junctions. One copy of each sequence is found at the recombination site of the pE194 parent. The recombination crossovers occurred within pE194 positions 3404 to 3417 (5'-TACAAGTGATAAAG-3'; Fig. 3F ) in the case of BD891 and within positions 864 to 876 (5'-GGGGAGAAAACAT-3'; Fig. 3D ) for BD892. It is likely that these integrants also arose by recombination between short sequence identities found in both the plasmid and the B. subtilis chromosome, as in the cases above. The site I recombinant strain BD888 is similar to BD889 in lacking a full complement of pE194 sequence information. The junction I crossover for BD888 is located at nucleotide 825, while the junction II crossover occurs at nucleotide 912 (Fig. 3E) ; thus, this recombinant lacks pE194 sequences between positions 826 and 911.
The lone pE194 site III integrant examined in this study, BD887, has its recombination crossover located between positions 2874 and 2880 (5'-AAAATTA-3'; Fig. 3G ), which is within the promoter of the ermC gene (uncoupling the mRNA start site at positions 2878 and 2879 from its endogenous -10 and -35 promoter signals [15] ). However, since this strain remains translationally inducible for MLS resistance (data not shown), it is probable that a chromosomal promoter controls its expression. Five adenines occur in the recombinant junction, whereas only four adenines are present in the pE194 parent (15) . It seems likely that recombination occurred between the pE194 sequence underlined in Fig. 3 and a similar sequence, which has five rather than four tandem adenine residues, in the B. subtilis chromosome.
DISCUSSION
The results presented in this study indicate that the recE-independent integration of plasmid pE194 into the B. subtilis genome can occur between recombination sites sharing short nucleotide sequence identities to yield simple reciprocal recombination products with conservation of parental sequence. Short sequence identities of 11, 9, and 6 bp exist between the pE194 recombination sites and the chromosomal target sites of recombinant strains BD886, BD893, and BD889, respectively. Recombination produced, at least for the former two strains, an integrated pE194 molecule bounded by short direct repeats, whose length equals that of the short identity. Comparisons of the nucleotide sequences of the recombination products of strains BD886 and BD893 with those of their respective DNA parents are consistent with the addition of parental sequences in the integration process. After this paper was written, Bashkirov et al. (2) reported that interplasmidic recombination involving pE194 also occurs at short regions (9 to 15 bp) of homology. Heterologous DNA sequences flanking the short identities in our recombination products displayed no evidence of gene conversion to either parent. The nucleotide sequences obtained from the BD889 junctions and their parental BD170 recombination sites are also consistent with this interpretation. It is likely that BD889 arose by at least two sequential recombination events, which would account for the noncontiguous nature of its B. siubtilis chromosomal recombination sites.
The integrated pE194 molecules in strains BD891 and BD892 are also bounded by short direct repeats of 14 and 13 pE194 AND CHROMOSOMAL RECOMBINATION SITES (20) .
bp, respectively. The simplest interpretation is that these repeats are hybrid sequences derived from both DNA parents; this predicts that their parental B. subtilis chromosomal recombination sites share these common sequences. Nucleotide sequence data determined by Bashkirov et al. (1) for the integration junctions of various pE194 derivatives are also consistent with our data. Three recombinant strains analyzed in their study had short direct repeats (2 to 14 bp) found at the recombination junctions flanking the integrated molecule (1), and a single copy of these nucleotide sequences occurred in the parental plasmid. However, the plasmid recombination sites described in the latter study did not coincide with any of the pE194 recombination sites shown here. A search for sequence similarities between the recombination sites was performed in order to determine whether any consensus sequence exists. A comparison of the recombination sites identified in this study and those identified by Bashkirov et al. (1) is presented in Table 3 . The recombination sites were aligned to give maximum overlap between the nucleotide sequences found to be the common identity sequence (for cases in which both DNA parents were known) or those sequences found as a direct repeat at the recombinant junctions (shown boxed in Table 3 ). A short tetranucleotide consensus sequence which has the sequence 5'-T(C)-G-T-C(A)-3' was derived from this comparison. Of the 11 recombination sites analyzed, 9 shared this tetranucleotide and yielded recombinants which had a portion of this sequence in direct repeat at their recombination junctions. Also noteworthy is the presence in site I of three nearly perfect direct repeats of T(G)TGTCCA located within 904 to 924. Possibly, the presence of three copies of the tetranucleotide in site I contributes to its role as the major recombination site on pE194, perhaps serving as a recognition site for an enzyme which plays a role in the recombination process. Peijnenburg et al. (34) have identified a similar tetranucleotide consensus, 5'-TGTA-3', which occurs near the recombination junctions of spontaneous deletants of the penP-lacZ expression plasmid pGP1 in B. subtilis. However, the significance of this short apparent consensus sequence must remain in doubt, given the paucity of data presently available.
The three pE194 recombination sites (Fig. 4) each occur in pE194 regions displaying hyphenated dyad symmetries. In particular, the recombinants derived from the major pE194 recombination site I are located immediately adjacent to or within a GC-rich dyad symmetry (located between positions 876 and 902). The symmetry present near recombination site III is not shown in Fig. 4 . It consists of the translational attenuation regulatory sequences of ermC and is located between positions 2718 and 2849, just to the left of the sequence shown in Fig. 4 . These observations raise the possibility that structural elements may be involved in recombination site selection.
The pE194 site-specific recombination site RSA (located between positions 3077 and 3101), which plays a role in Pre-mediated plasmid cointegration (11, 32) , was not utilized in any of the recombination events described here. Premediated site-specific recombination yields pE194-pT181 cointegrate fusions between RSA sites at a frequency of 10-6 (11). These RSA sites consist of a 24-bp sequence present on both plasmids. The frequency of Pre-mediated site-specific recombination is about two orders of magnitude higher than that observed at Hofemeister et al. (19) for pE194 chromosomal integration. This difference, together with the failure to observe pE194 recombination at the RSA site, as well as the chromosomal integration of a pE194 derivative which lacks both the RSA site and the promoter-proximal pre coding region (unpublished results), is taken as evidence against a role for the pE194 Pre recombination system in mediating pE194 integration into the B. subtilis genome.
The integration products of pE194 recombination show similarity to the products of other illegitimate recombinations, such as the recA-independent cointegrate fusions between pBR322 and the F-factor oriVI region (33) and also lambda-pBR322 recombination (24, 27) . These recombination events occur at low frequency (10-8 to 10-9) in E. coli recA mutants, and the recombination products appear to rise from reciprocal recombination between sequence identities of 10 to 13 bp (24, 33) . Most models for producing illegitimate recombination events of this type involve errors in DNA metabolism at first proposed by Franklin (10) . One hypothesis suggests that illegitimate recombination products result from errors in topoisomerase action, notably that of DNA gyrase (21, 27) .
The observation that the pBR322-F factor recombination products are joined in the immediate vicinity of the major vegetative replication origin (oriVI) of the F factor (33) suggests that errors in the initiation of DNA origins may lead to illegitimate recombination events. Illegitimate intramolecular recombination events are known to occur in the vicinity of the replication origin of M13 (28) and between the replication origins of plasmids pC194 and pUC110 when placed in a cointegrate structure by in vitro fusion (12) . It has been suggested that these entities may suffer deletion events as a consequence of premature termination of rolling-circle replication at ori-like sites (29) .
We have shown that the major pE194 recombination site, site I, is contained within a 265-bp interval (located between positions 864 and 1129) which confers pE194 origin activity (8) . It is possible that site I is within the replication origin of pE194. The products of recombination analyzed in this study were selected from the growing bacterial population by shifting to high temperature, which inhibited subsequent rounds of plasmid replication (19) . However, the fluctuation analysis performed by Hofemeister et al. (19) demonstrated that plasmids exist in an integrated chromosomal location prior to the high-temperature shift. The integration of pE194 into the S. aureus genome in or near site I (unpublished data) suggests that a similar role is played by this region in illegitimate recombination site selection in both B. subtilis and S. aureus. The pE194 initiator protein, RepF (44) , is hypothesized to recognize the origin during its normal role in replication. We suggest that interaction of RepF with the pE194 origin or with a sequence resembling the origin creates a recombinogenic structure, possibly by introducing a nick. The consensus sequence given above may be involved in RepF recognition or in some subsequent step. Our data suggest the possibility that secondary structure may also be involved in recognition or in a subsequent step, since dyad symmetries are present near the plasmid recombination sites, most notably in the case of site I. Since these symmetries do not seem to contain conserved sequence elements, it is possible that they represent structural elements present in single-stranded DNA, perhaps generated during rollingcircle replication, or by exonuclease action after introduction of a nick. An alternative and perhaps less satisfying class of models involves pairing of single-stranded DNA to a region of weak chromosomal homology to form a D loop. Chromosomal replication accompanied by template switching could result in integration of the plasmid.
